Vegetation and soil properties of an iron-rich canga (laterite) island on the largest outcrop of banded-iron formation in Serra de Carajás (eastern Amazonia, Brazil) were studied along a topographic gradient (738-762 m asl), and analyzed to test the hypothesis that soil chemical and physical attributes play a key role in the structure and floristic composition of these plant communities. Soil and vegetation were sampled in eight replicate plots within each of the four vegetation types. Surface (0-10 cm) soil samples from each plot were analyzed for basic cations, N, P and plant species density for all species was recorded. CCA ordination analysis showed a strong separation between forest and non-forest sites on the first axis, and between herbaceous and shrubby campo rupestre on the second axis. The four vegetation types shared few plant species, which was attributed to their distinctive soil environments and filtering of their constituent species by chemical, physical and hydrological constraints. Thus, we can infer that Edaphic (pedological) factors are crucial in explaining the types and distributions of campo rupestre vegetation associated with ferruginous ironstone uplands (Canga) in Carajás, eastern Amazonia, therefore the soil properties are the main drivers of vegetation composition and structure on these ironstone islands.
INTRODUCTION
Banded iron formations (BIF) and associated ironstone landscapes are hotspots of plant diversity around the world (Gibson et al. 2012 , Gledhill 1970 , Porembski et al. 1994 , Valentin et al. 1999 , Vincent et al. 2002 , supporting plant communities distinctive, both structurally and floristically from surrounding vegetation (Gibson et al. 2010 , Jacobi et al. 2008 , Yates et al. 2011a ). In Brazil, campo rupestre refers to rupicolous (rocky habitat) vegetation that grows on a range of geologies, including quartzite-sandstone (Harley and Simmons 1986), granite-gneiss (Queiroz et al. 1996) and itabirite -an iron-rich metal sedimentary rock (Jacobi and do Carmo 2011, Jacobi et al.
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JAQUELINA A. NUNES et al. , Schaefer et al. 2009 , Vincent and Meguro 2008 . Semir (1991) considered campo rupestre to include any open vegetation type associated with rocky outcrops. Veloso et al. (1991) classified it as "vegetation refuges or relic vegetation types" floristically different from the dominant surrounding flora. Butcher et al. (2007) proposed that such areas have acted as refuges during dry climate phases associated with major glaciations, as well as centers of recent speciation. In eastern Amazonia (Brazil), campo rupestre occurs on rocky habitat islands within a matrix of rainforest in the Serra dos Carajás and in the so-called Iron-Quadrangle of the state of Minas Gerais. These areas together comprise 97% of known iron ore reserves in Brazil (Porto and Silva 1989 , Vincent et al. 2002 . These ironstone substrates present a series of restrictions to plant establishment, including shallow and patchy soils (resulting in low water-retention capacities and low nutrient availability), high insolation levels, elevated temperatures, and the presence of potentially toxic metal concentrations (Meirelles et al. 1997, Silva and Rosa 1990) . The topographic and edaphic characteristics of campo rupestre rock outcrops likely influence the floristic composition of their vegetation cover, as described for many rocky outcrop, environments elsewhere in the world (Gibson 2004a , b, Markey and Dillon 2008 , Meissner and Caruso 2008 , Porembski et al. 1994 , Schaefer et al. 2009 ).
Four distinct vegetation types were considered as making up the campo rupestre complex on the ferruginous canga in our study, ranging from herbaceous campo rupestre and shrubby campo rupestre on rocky sites of the upper plateau (746-762 m asl), to capão forest and fringing montane forest at lower elevations and in the transition zone to lowland rainforest (738-742 m asl). Herbaceous campo rupestre is an open formation of small shrubs, with Vellozia glochidea (Velloziaceae) dominant over a ground layer of grasses; shrubby campo rupestre is supported on more fragmented canga that may allow greater root penetration, with the vegetation being composed of tall shrubs and herbaceous plants; capão forest is a semideciduous forest formation isolated as small islands within herbaceous campo rupestre and shrubby campo rupestre; montane forest is a dense ombrophilous forest located at the plateau edge in the transition (ecotone) between campo rupestre and the rainforests of the lower slopes of the Serra de Carajás.
Ferruginous campo rupestre vegetation in eastern Amazonia is subject to increasing loss due to iron-ore mining and land clearance for grazing. However, it is poorly studied relative to the surrounding rainforest matrix (Jacobi et al. 2007 (Jacobi et al. , 2008 , even though recent work has indicated that open vegetation, comparable to campo rupestre, is widely distributed in eastern Amazonia (Schaefer et al. 2009 ). Given the poorly known floristic composition and potential loss of ferruginous campo rupestre, we studied the relationship between soil properties and floristic composition in a ferruginous campo rupestre habitat island in southeastern Pará State, Brazil. We hypothesized that variation in vegetation structure and composition is related to soil chemical and physical attributes. Specifically, we sought preliminary evidence that: (1) Forest patches on campo rupestre habitat islands differ in composition from surrounding lower montane forests, and that these differences may be due to strong soil chemical differences; (2) Differentiation of non-forest campo rupestre vegetation types may be driven by high concentrations of bioavailable metals (potentially toxic metals, e.g. Al, Fe, Mn); and (3) Soil depth may be critical for the development of forest vegetation. For forest sites, three replicate 0.5 L surface soil (0-10 cm depth) samples were collected from each plot and bulked to provide one combined sample per plot, totaling eight soil combined samples in each forest area. For non-forest sites one sample was collected from the edge of each plot or quadrat (n=5) and bulked to provide one sample per transect (shrubby campo rupestre) or location (herbaceous campo rupestre). Soil effective depth (tolithic contact) was determined at each sampling location using a 1.5 m steel rod or from soil profile trenches dug for a previous study (Schaefer et al. 2009 ).
Soil samples were air-dried and sieved (2 mm mesh). All samples were stored in sealed glass jars and analyzed by the Soil Analysis Laboratory of the Soils Department at the Federal University at Viçosa, using international standard procedures (EMBRAPA 1997) . The soil variables determined included, pH in H 2 O and in KCl, extractable P, Na, K, Fe, Zn, Mn, Cu (by Mehlich 1extract), exchangeable Ca, Mg and Al (extracted in KCl), potential acidity Al+H (extracted in calcium acetate at pH 7.0), organic carbon (C; using the Walkley-Black method), P remaining in solution (P-res) -a proxy of P-adsorption capacity, and composite measures including sum of bases (BS= Ca+Mg+K+Na) and total cation exchange capacity (CEC).
data analyses
To examine the significance of differences between the chemical and physical characteristics of soils among the four sample areas, one-way analysis of variance (ANOVA) was used, followed by Tukey's post-hoc comparison of means test (Zar 1996) . All data were tested for normality and homogeneity, and transformed as necessary (P was transformed to meet normality requirements; all other variables had skewness within ±1.5). A significance level of p<0.05 was adopted. Analyses were conducted using Statistica 6 (StatSoft Inc 2003).The soil data were screened for strongly inter-correlated variables, and where r was > 0.9 between any two variables, one was dropped (dropped variables were; H + Al = Potential Acidity; BS = Total exchangeable bases; V = Base Saturation Index; t = Effective Cation Exchange Capacity; T = Cation Exchange Capacity at pH 7.0; m = Aluminum Saturation Index; ISNa = Sodium Saturation Index) from subsequent analyses.
A canonical correspondence analysis (CCA) ordination was conducted to analyse the correlation between environmental variables and species abundances (ter Braak 1987). The abundance values were transformed to ln+1, because species of smaller life forms tended to be much more abundant than woody species. Species with plot density <5 were excluded from the CCA since rare species can increase the total inertia of the species dataset (ter Braak and Šmilauer 2002). Thus, the vegetation matrix comprised the 127 most abundant species (Table SI -Supplementary Material), while the main environmental matrix was formed using all soil variables meeting the inter-correlation criteria described above.
A second environmental matrix contained information on the geographic distance between all pairs of plots. Monte Carlo permutation tests were used to verify the significance levels of the results presented by the principal axis of the canonic ordination, which enable us to evaluate the statistical significance of the relationships encountered between the community variables and the environmental variables (ter Braak 1994). CCA was run using PC-ORD version 6 (McCune and Mefford 2011) .
To examine what proportion of the variance in the vegetation composition data was attributable to soil chemistry and soil depth, we used the variance partitioning methods of Borcard et al. (2011) The total variation in species composition was divided into four fractions; [a] variation explained by a group of soil chemical variables including P, K, Na, C, Pres and Al; [b] variation that is shared between the two soil variable groups; [c] variation explained by the second soil variables group, comprising soil depth and pH; and [d] the unexplained variance. All analyses were run using R functions (R Development Core Team 2011) available in vegan (Oksanen et al. 2011) .
Plant species observed richness (S), Jackknife 2 and Chao 2 estimated richness were calculated separately for montane forest, capão forest, herbaceous campo rupestre and shrubby campo rupestre. These richness estimators provide an estimate of the true species richness of the sampled vegetation, based on the frequency of species occurring once or twice only, in the set of samples collected, allowing assessment of likely differences in total species richness among the four vegetation types, and the adequacy of the different plot sizes and sampling procedures used here for describing each vegetation type (McCune and Grace 2002) . Chiarucci et al. (2003) found the Jackknife 2 to be the best available richness estimator based on faster approach to total richness and lowest under estimation rate at small sample size, while Chao 2 tended to under estimate total species richness.
RESULTS
All soils were strongly acidic, low in available P and high in extractable Fe (Table I) . Nevertheless, there were significant differences between soil properties among the sample areas for these and for other soil physical and chemical properties (Table I) .
The CCA ordination showed a clear trend in soil properties from forest to non-forest sites on axis I. Soil depth and pH were greater in forests (montane forest and capão forest), while Fe+, organic carbon and most base cations showed higher values in the non forest sites (Fig. 3) . Plots with positive scores on Axis 1 were all in campo rupestre (shrubby campo rupestre and herbaceous campo rupestre) with shallow soils. Axis 2 further separated the four physiognomies, where nonforest sites showed higher plot dispersion and edaphic conditions distinct from the others sites. Montane forest showed higher pH, and capão forest and montane forest had greater soil depths than those found for shrubby and herbaceous campo rupestre. Herbaceous campo rupestre showed a high correlation with K and Mg, while shrubby campo rupestre was strongly correlated with organic matter and residual phosphorus (P-res). Overall, soil properties were most distinctive in capão forest with higher available P and Al, and lower pH, K, Ca, Mg, Mn, Zn, Cu, BS, C, and P-res (Table I ). There was a clear separation between open vegetation and forested areas, with strongly differentiated species groups associated with each of the four physiognomies (Fig. 4) . The variables that demonstrated the highest positive correlations on the first CCA axis were extractable iron and soil organic matter. Soil depth and pH had the highest negative correlations, while aluminum also demonstrated a negative correlation. There was a negative correlation with potassium and magnesium on the second axis and a positive correlation with phosphorus ( Fig. 3 and Table II ; Fig. 4) .
The eigenvalues obtained in the CCA ordination of the soil chemical variables for the three axes can be considered high (>0.5) (ter Braak 1995) (Table II) . The three axes explained 11.2% (axis 1), 7.7% (axis 2), and 7.1% (axis 3) of the variation, summing up to a total accumulated or global variance of 26%. In spite of the fact that the accumulated values were low, the speciesenvironment relationships were not compromised, since the CCA produced high correlation values between the species and the environmental variables (Table II) . Vellozia glochidea, Dyckia duckei, Sobralia liliastrum and Psychotria sp. were associated with shallow soils, high cover of bare rock and higher content of Mg and K in the surface soil, while Callisthene minor, Bauhinia pulchella, Alibertia longiflora and Mimosa acutistipula were related to soil with higher Fe content, phosphorus residual and organic carbon (Fig. 4) . These species had higher cover on non-forests sites. Myrcia splendens, Saccoglottis mattogrosensis, Pouteria ramiflora, Pilocarpus sp. and Sclerolobium paniculatum were strongly associated with forests (Fig. 4) . Mouriri huberi and Neea yapurensis had greatest coverage where soils were deeper and they were negatively related to pH.
Approximately 43% of the variation in species composition was explained by two environmental (soil) variable groups (Fig. 5) . Both the first [a] and second [c] group fractions were significant (p<0.005). The second environmental variables group (soil depth and pH) showed higher variation than the first group (P, K, Na, C, P-res and Al), explaining 29% and 2% respectively, with the shared component [b] explaining a further 12%.
Observed sample species richness (S obs ) was highest for montane forest (49 species), followed by capão forest, shrubby campo rupestre and herbaceous campo rupestre, respectively (Table  III) . Total estimated species richness based on the Jackknife 2 and Chao 2 estimators showed the same order as observed species richness (S), but with much larger differences in absolute richness indicating many more unsampled species for montane forest and capão forest than for shrubby campo rupestre and herbaceous campo rupestre vegetation (Table III) .
DISCUSSION
With reference to hypotheses 1 and 2 raised in this study, diverse terminologies have been used previously to describe the (mostly shrubby) vegetation growing on ferruginous laterites (canga) in eastern Amazonia. 1989) , resulting in vegetation that is structurally and floristically distinct from the surrounding vegetation matrix. Regardless of differences between soil variables for the four areas sampled here, all were acidic and had low phosphorus levels; as results found in other studies in ironstone (Markey and Dillon 2008 , 2009 , 2010 , Meissner et al. 2009 , Meissner and Wright 2010 , Messias et al. 2013 , Teixeira and Lemos-Filho 2002 , Vincent and Meguro 2008 . According to Jacobi and do Carmo (2011), the comparison of open areas with forest islands, subjected to the same climatic conditions, shows the important influence of edaphic and microclimatic conditions in determining lifeform spectra and species composition in these plant communities. The isolation of the edaphic environments of inselbergs, produce endemic species, or species with distributions restricted largely to these conditions (Porembski et al. 1994) , resulting in vegetation that is structurally and floristically distinct from the surrounding forest matrix, as reported by Viana and Lombardi (2007) . Soil extractable Fe and bioavailable Al were markedly higher in capão forest than in fringing montane forest, and Al was higher in herbaceous campo rupestre than in shrubby campo rupestre. High concentrations of Al can be toxic to plants, but high levels of soil carbon can reduce the potentially toxic effects of high concentrations of Al (Barros 1979) , and this may provide amelioration of potential toxicity effects in herbaceous campo rupestre. Similarly, although Al concentrations are high for surface soil in capão forest, most of the nutrient cycling here is associated with the litter layer rather than with the mineral soil. Melichextractable Fe concentrations were high in all sites, with highest levels found in the non-forest campo rupestre sites. The values for extractable Fe Therefore, while hypothesis 1 is supported by the data presented here, hypothesis 2 is not, and further work on the effective role of high metal concentrations is recommended. Botrel et al. (2002) reported that areas with dry soils and low chemical fertility tend to only have a few ecologically dominant species, but in our study, observed species richness was generally high throughout (Table II) . Nevertheless, based on species richness estimators, total species richness was much higher in the extensive fringing montane forest, and in capão forest, than in the non-forest vegetation of the lateritic canga (Table  III) . Overall, a sample size was adequate for the two campo rupestre vegetation types, but was too small to accurately represent species richness for forest sites, especially for montane forest. In addition, the four vegetation types held few species in common, suggesting strong edaphic filtering from the available plant species pool, acting most strongly in the campo rupestre vegetation types. While floristic composition of fringing montane forests is likely to be strongly influenced by the composition of the extensive rainforest around them, the composition of the capão forest and campo rupestre sites may represent floras more specialized to the environmental filters associated with these ironstone habitat islands (Viana and Lombardi 2007) . Vincent and Meguro (2008) reported a distinct separation of physiognomic groups based on their absolute species densities and soil variables in a study in the Iron Quadrangle, Brazil.
According to Forza et al. (2012) In the present study, chemical and physical soil attributes had a role beyond the definition of different phytophysiognomies, also affecting species composition. For the latter, the environmental partitioning model explained 43% of the observed variance. Soil variables [environmental matrix c], including pH and soil depth, provided the greatest contribution explain species composition, while combined soil chemical and physical properties also contributed in explaining the species distribution patterns observed. Differences in soil chemical attributes allowed clear separation of the campo rupestre sites, whereas soil depth appears to be a key factor for the establishment and development of the forest sites, supporting hypothesis 3. Schaefer et al. (2009) noted that soil depth seemed to play a fundamental role in the definition of the phytophysiognomies seen in the Carajás Plateaus, which is supported in the present study by the relationships observed for soil depth in differentiating forest (deeper soils) and non-forest areas (shallower soils) wherein, shrubby (deeper) and herbaceous (shallower) campo rupestre on the other. There is a clear vegetation gradient from herbaceous campo rupestre to montane forest accompanying the gradient of soil depth: herbaceous campo rupestre<shrubby campo rupestre<capão forest<montane forest. Yates et al. (2011b) similarly identified species habitat preferences associated with soil depth for bandediron plant communities in Western Australia.
Despite their shallowness, non-forest (herbaceous campo rupestre and shrubby campo rupestre) soils have higher surface (0 -10 cm) organic matter levels than forest soils, probably due to the presence of charred organic matter produced by frequent fire. Fire may be an important environmental filter contributing to the floristic and structural differences in the vegetation. Furthermore, higher termite activity in the campo rupestre sites may also contribute to higher levels of surface soil organic carbon through redistribution of organic-rich materials (Schaefer et al. 2009 ).
In Sarcinelli et al. (2009) , studies of the influence of termite activity on soil characteristics in Minas Gerais, their concluded that high concentrations of C, P and nutrients in termite mounds (in relation to the surrounding soils) were associated with the active incorporation of organic material during construction of the termite mounds. The higher organic matter in herbaceous campo rupestre may also be attributed to lower water availability and slower organic matter decomposition, and to differences in the soil fauna available for organic matter processing.
Thus, we can infer that Edaphic (pedological) factors are crucial in explaining the types and distributions of campo rupestre vegetation associated with ferruginous ironstone uplands (Canga) in Carajás, eastern Amazonia. Four ferruginous vegetation types were identified, each with distinct soil physical and chemical, and floristic and structural, characteristics. Vegetation differences were associated with variations in soil chemistry, depth and acidity. Forest soils showing greater depths and higher concentrations of P and Al, but much lower levels of organic matter and exchangeable cations at the surface, reflecting major differences in nutrient cycles between forest and non-forest sites. The higher nutrient and organic carbon contents in campo rupestre may be indirectly associated with frequent fire, filtering the species that are able to persist through recurrent fire events. Soil organic matter content is also likely a key variable for the development of the phytophysiognomies studied, especially in the campo rupestre, where most of the inorganic nutrients were correlated with organic matter (carbon) amounts in the topsoil. High Fe concentrations do not appear to restrict the establishment of species in the different phytophysiognomies, as this element was found in similar amounts throughout the study area. As such, the use of the term metal-loving Savanna (or Metallophile Savanna) does not appear appropriate for the ironstone canga vegetation or campo rupestre at Carajás, and we suggest the use of the term ferruginous campo rupestre complex for the herbaceous and shrubby campo rupestre formations.
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RESUMO
Vegetação e propriedades do solo de uma ilha de canga rica em ferro (laterita) no maior afloramento de formação ferrífera bandada, na Serra de Carajás (Amazônia oriental, Brasil), foram estudados, ao longo de um gradiente topográfico (738-762 m de altitude), e analisados para testar a hipótese de que os atributos químicos e físicos do solo desempenham um papel fundamental na estrutura e composição florística destas comunidades vegetais. Solos e vegetação foram amostrados em oito parcelas replicadas dentro de cada um dos quatro tipos de vegetação. Amostras de solo superficiais (0-10 cm) de cada parcela foram analisadas para cátions básicos, N, P e densidade de espécies de plantas para todas as espécies foram registradas. Análise de ordenação CCA evidenciou uma forte separação entre áreas florestais e não florestais no primeiro eixo, e entre campo rupestre herbáceo e arbustivo no segundo eixo. Os quatro tipos de vegetação compartilham poucas espécies de plantas, o que pode ser atribuído aos seus ambientes de solos distintos e filtragem de suas espécies constituintes por limitações químicas, físicas e hidrológicas. Assim, podemos inferir que fatores edáficos (pedológicos) são cruciais para explicar os tipos e distribuições da vegetação dos campos rupestres associados com platôs ferruginosos (Canga), em Carajás, no leste da Amazônia, sendo, portanto, as propriedades do solo as principais condutoras da composição e estrutura da vegetação nestas ilhas ferríferas.
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